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Abstract. A truncated Bacillus sp. TS-23 a-amylase gene lacking 96 and 294 bp at its 59 and 39 end
respectively was prepared by polymerase chain reaction and cloned into Escherichia coli expression
vector, pQE-30, under the control of T5 promoter. SDS-PAGE and activity staining analyses showed that
the His6-tagged amylase had a molecular mass of approximately 54 kDa. Isopropyl-b-D-thiogalactopy-
ranoside (IPTG) induction of E. coli M15 cells bearing the recombinant plasmid resulted in the
extracellular production of active amylase. Western blot analysis also revealed that the truncated amylase
was present in the periplasmic space and culture medium.
a-Amylases (1,4-a-D-glucan glucanohydrolase; EC
3.2.1.1) degrade a-1,4 glucosidic linkages in starch and
related polysaccharides to release malto-oligosaccha-
rides and glucose in the a-anomeric form. They play a
central role in carbohydrate metabolism of animals,
plants, and microorganisms. Widespread investigations
of a-amylase have mainly related to their applications in
industries, such as in conversion of starch into commer-
cial important sugars [10] and in incorporation of the
enzyme into automatic dishwashing detergents [2]. Since
thermostability and alkaline characteristic are important
features for industrial applications, the amylases from
alkaliphiles [14, 15] and thermophilic bacteria [23] are,
therefore, of special interest as a source of novel en-
zymes.
Among the many systems available for heterologous
protein production, the Gram-negative bacterium Esch-
erichia coli remains one of the most attractive because of
its ability to grow rapidly on inexpensive substrates and
the availability of an increasingly large number of clon-
ing vectors and mutant host strains. On the basis of the
above advantages, a number of microbial amylases have
been expressed and secreted by E. coli [5, 12, 22, 40, 42].
As a result, there is considerable interest in the elucida-
tion of the molecular mechanisms that allow a polypep-
tide to initiate journey in the cytoplasm and its subse-
quent routing to a specific cellular compartment [11, 35,
36]. Most secreted proteins are known to be synthesized
as cytoplasmic precursors containing an additional
N-terminal extension called the signal peptide that is
essential for protein membrane translocation [44]. After
translocation, this peptide is cleaved off by a membrane-
bound signal peptidase [6]. The signal peptide is specu-
lated to play a role in retarding the folding of the
preprotein, in order to keep it in a translocation-compe-
tent form, and to assist in targeting the precursor to the
cytoplasmic membrane [7]. Previously, we have cloned a
Bacillus sp. TS-23 a-amylase gene encoding a 69-kDa
protein in E. coli and showed that the initial 30 amino
acids of the enzyme possess essential components of
signal sequence [26]. A subsequent study designed to
address the use of lactose as inducer for high-level ex-
pression of Bacillus sp. TS-23 a-amylase (BLA) in E.
coli also revealed that most of the enzyme activity was
detected in the culture medium [24]. In this report, we
demonstrate the effect of deleting both 59 sequence re-
gion encoding signal peptide and 294 bp at the 39 end of
cloned Bacillus sp. TS-23 amy gene on the expression of
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recombinant enzyme. Interestingly, we found that the
signal peptide and the last 98 amino acids of Bacillus sp.
TS-23 a-amylase are not essential for the secretion of the
enzyme in E. coli.
Materials and Methods
Materials, bacterial strains, vectors, and growth conditions. Luria-
Bertani (LB) media and Bacto agar for bacterial culture were purchased
from Difco Laboratories (Detroit, MI). Restriction and modification
enzymes were acquired from Takara Shuzo Co. (Kyoto, Japan). The
oligonucleotides used were synthesized by Quality Systems (Taipei,
Taiwan). Ni-NTA agarose was obtained from Qiagen Inc. (Valencia,
CA). Reagents for polyacrylamide electrophoresis such as acrylamide,
bisacrylamide, ammonium persulfate, and TEMED were purchased
from Bio-Rad (Hercules, CA). All other chemicals were of analytical
grade and purchased from Merck (Darmstadt, Germany) or Sigma (St.
Louis, MO).
Escherichia coli Novablue (Novagen Inc., Madison, WI) was
used for transformation and propagation of plasmids, whereas E. coli
M15 (Qiagen) was used for recombinant expression of His6-tagged
Bacillus sp. TS-23 a-amylase. Plasmids used were pTS 917 [26] and
pQE-30 (Qiagen). The E. coli cells with plasmids were cultured aero-
bically in LB medium supplemented with 100 mg/ml ampicillin for
Novablue strain or with 100 mg/ml ampicillin and 25 mg/ml kanamycin
for M15 strain.
Construction of expression plasmid. A DNA fragment encoding the
N- and C-terminally truncated form of BLA was obtained by amplifi-
cation of pTS 917 with the following oligonucleotides: primer Amyf-II
(59-AGCTAA TACTGG ATCCAT TAACGA AAC-39), which intro-
duces sequences for a unique BamHI site and in-frame fusion with 39
end of 30-bp histidine tag leader sequence encoded in pQE-30, and
primer Amyr-I (59-GACGTT TGAAGC TTTAGC CACC-39), which
incorporates sequences for a unique HindIII site within the 39 end of
Bacillus sp. TS-23 amy gene. PCR amplification was carried out with
Pfu DNA polymerase in a DNA thermal cycler (Model 9700; Perkin-
Elmer, Foster City, CA). The amplification cycle was: denaturation at
94°C for 2 min, annealing at 55°C for 1.5 min, and primer extension at
74°C for 2 min. Up to 30 cycles of amplification were employed, and
an additional 10 min incubation at 74°C followed the final cycle of
amplification. The PCR products were analyzed on 1% agarose gel and
purified by the Geneclean III® kit (Bio 101 Inc., La Jolla, CA). The
recovered products were cloned as a BamHI-HindIII fragment (1,468
bp) into the corresponding sites of pQE-30 and transformed into
competent cells of E. coli Novablue by established techniques [37].
After the selected clones were verified by DNA sequencing [38], one
plasmid in which the truncated amy gene is transcribed by the T5
promoter was obtained and designated pQE-AMYDNC.
Localization of His6-tagged BLADNC. To localize the truncated
enzyme, E. coli M15 (pQE-AMYDNC) was cultured in 250 ml of LB
supplemented with ampicillin (100 mg/ml) and kanamycin (25 mg/ml)
at 37°C. When the culture reached an optical density of 0.6 at 600 nm,
the culture was cooled to 28°C and isopropyl-b-D-thiogalactopyrano-
side (IPTG) was added to a final concentration of 0.1, 0.5, and 1.0 mM,
respectively. After 3, 6, and 20 h cultivations, aliquots (50 ml) were
withdrawn and cells were harvested by centrifugation at 4000 g for 10
min. The pellets were washed twice with 50 mM Tris/HCl buffer (pH
9.0) and subjected to osmotic shock as described by Nossal and Heppel
[31]. The shocked cells were resuspended in 10 ml of 50 mM Tris/HCl
buffer (pH 9.0) and disrupted by sonication (Sonicator XL-2000; Mi-
sonix Inc., Farmingdale, NY). The cell lysate was then centrifuged at
10,000 g for 30 min at 4°C to remove insoluble cell debris. The
resulting fractions were assayed for amylase activity. The enzymes
citrate synthetase and b-lactamase were used as cytoplasmic and
periplasmic markers, respectively.
Purification of truncated BLA. For purification of His6-tagged
BLADNC, cells bearing pQE-AMYDNC were grown on 1 liter of LB
medium containing ampicillin and kanamycin. When the optical den-
sity at 600 nm reached 0.6, the culture was induced with 0.5 mM IPTG.
After 6 h induction, cells were harvested by centrifugation and sub-
jected to osmotic shock. One-step purification procedure for His6-
tagged BLADNC was carried out under native conditions according to
the protocol of the manufacturer (Qiagen). Briefly, the His6-tagged
enzyme was mixed with Ni21-nitrilotriacetate-resin (Ni21-NTA),
washed with 50 mM phosphate buffer (pH 8.0) containing 0.3 M NaCl
and 20 mM imidazole to remove impurities, and eluted with imidazole
(250 mM) added to the washing buffer.
Electrophoresis, activity staining, protein assay, and Western blot-
ting. Sodium dodecyl sulfate-polyacrylamine (SDS/PAGE) was per-
formed with a Bio-Rad Protean III mini gel system (Bio-Rad Labora-
tories, Beverly, MA) essentially according to Laemmli [20]. E. coli
extracts or the purified BLA proteins were suspended in SDS/PAGE
loading buffer (50 mM Tris/HCl, pH 6.8; 5% 2-mercaptoethanol; 2%
SDS; 0.1% bromophenol blue; 10% glycerol), heated at 100°C for 5
min, and fractioned under 10% (wt/vol) gel. The molecular mass
standards used were phosphorylase b (97.4 kDa), bovine serum albu-
min (66.2 kDa), glutamic dehydrogenase (55.4 kDa), ovalbumin (45
kDa), lactate dehydrogenase (36.5 kDa), carbonic anhydrase (31 kDa),
and trypsin inhibitor (21.5 kDa). Detection of proteins having amylo-
lytic activity on gels was performed as described previously [27]. The
protein concentration was measured with a protein assay kit (Bio-Rad),
with bovine serum albumin as the standard.
For Western blotting analysis, samples were electrophoresed on
10% SDS/PAGE and transferred onto PolyScreen® PVDF Transfer
membrane (NEN™ Life Science Products Inc., Boston, MA) by a
Bio-Rad Transblot ell with a transfer buffer containing 25 mM Tris/HCl
(pH 8.3), 192 mM glycine, and 20% methanol. Blots were probed with
polyclonal anti-BLADN and immunostained with an alkaline phos-
phatase-based reaction in the presence of nitroblue tetrazolium-5-bro-
mo-4-chloro-3-indolylphosphate.
Enzyme assays. Amylase activity was measured by using the proce-
dure described by Lin et al. [25]. The assay mixture consisted of 250
ml of soluble starch in 50 mM Tris/HCl buffer (pH 9.0) and 250 ml
appropriately diluted enzyme solution. The reaction was performed at
60°C for 10 min and stopped by the addition of 0.5 ml 3,5-dinitrosali-
cylic reagent [30]. The enzyme activities were obtained from a cali-
bration curve prepared by following the same procedure with D-glucose
as standard. One unit of amylase was defined as the amount of enzyme
required for releasing 1 mmol of glucose/min from starch. The assays
for citrate synthetase and b-lactamase were performed according to
Srere [39] and Sykes and Nordstrom [41], respectively.
Results
Expression and purification of truncated BLA. The
pQE-30 expression system is one of the most powerful
systems developed for cloning and expression of recom-
binant proteins in E. coli. The plasmid contains a T5
regulated promoter with two lac operator sequences and
a unique hexahistidine affinity tag, which facilitates sin-
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gle-step purification of recombinant protein with Ni21-
NTA resin. For high-level expression of truncated Ba-
cillus sp. TS-23 amy gene, the PCR-amplified DNA
fragment lacking the coding sequence for signal peptide
and 294 bp at the 39 end was digested with BamHI and
HindIII, and inserted into the expression vector under the
control of T5 promoter. The engineered enzyme has 10
additional amino acids, namely MRGSHHHHHH, at its
N-terminus. E. coli M15 competent cells were trans-
formed with pQE-AMYDNC, and the orientation of the
insert was confirmed by restriction analysis and DNA
sequencing (data not shown). The selected transformant
could hydrolyze starch in the medium, but no halo
around the colony was observed in E. coli M15 harboring
pQE-30 (data not shown), indicating the truncated Ba-
cillus sp. TS-23 amy gene was functionally expressed in
the host cell.
Escherichia coli M15 cells harboring pQE-
AMYDNC were induced with 1 mM IPTG. After 3, 6,
and 20 h inductions, an aliquot of the bacterial culture
was centrifuged and resuspended in loading buffer, and
total cellular proteins were separated by 10% SDS/
PAGE. The protein patterns of the total cell extracts with
or without induction are shown in Fig. 1A. A predomi-
nant band corresponding to the expected size of trun-
cated BLA was observed in the cell extracts of induced
cells. It is worth noting that the expressed His6-tagged
BLADNC contributes to about 30% of the total cell
proteins. Activity staining showed the overexpressed
protein has amylolytic activity (Fig. 1B), suggesting that
the N- and C-terminally truncated situations did not
affect the functional expression of the enzyme in E. coli.
The His6-tagged BLADNC in the crude extract was
further purified by a Ni21-NTA resin. As shown in Fig.
1, only one protein with amylolytic activity was observed
on SDS/PAGE. The purification scheme for the His6-
tagged BLADNC is summarized in Table 1. The specific
activity of the purified enzyme was 214 U/mg protein,
indicating that the protein was purified approximately
20-fold by one-step chromatography.
Localization of His6-tagged BLADNC in E. coli. To
determine the effect of inducer on truncated BLA ex-
pression, different concentrations of IPTG were used at
fixed time points of induction. As shown in Table 2, a
low level of amylase activity was detected in the absence
of IPTG, indicating a leaky expression of truncated Ba-
cillus TS-23 amy gene. The occurrence of leaky expres-
sion is quite common in commercial available expression
vectors [4]. As a control, E. coli M15 carrying pQE-30
was cultivated under the same conditions. The result
showed that no significant amylase activity was detected
in any fractions of E. coli M15 harboring pQE-30 (data
not shown). Over 44% of the activity was detected in the
Fig. 1. SDS/PAGE analysis of total cell proteins from E. coli M15 (pQE-AMYDNC). The expressed protein is visualized by Coomassie blue staining
(A) or activity staining (B). Lanes: M, molecular weight marker; 1, 3 h cultivation without IPTG induction; 2, 6 h cultivation without IPTG
induction; 3, 20 h cultivation without IPTG induction; 4, 3 h cultivation with IPTG induction; 5, 6 h cultivation with IPTG induction; 6, 20 h
cultivation with IPTG induction; 7, the purified His6-tagged BLADNC.
Table 1. The purification scheme for the His6-tagged BLADNC
Step Total activity (U)
Total protein
(mg)
Specific activity
(U/mg) Yield (%)
Purification
(fold)
Crude extract 3147.9 294.2 10.7 100 1
Ni-NTA 2696.4 12.6 214.0 86 20
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periplasm after subcellular fractionation into cytoplasmic
and periplasmic protein fractions, suggesting that the
recombinant protein is transported to perplasmic space.
Control experiments showed 89–98% of the citrate syn-
thetase activity was located in the cytoplasm and 81–
87% of the total b-lactamase activity was present in the
periplasm. Western blotting analysis of the supernatant,
periplasmic and cytoplasmic protein fractions by using
polyclonal anti-BLADNC confirmed that the majority of
the expressed enzyme was present in the periplasmic
fraction (Fig. 2). The apparent molecular mass of 54 kDa
determined by the blot procedure for the truncated pro-
tein was consistent with that predicted from the sequence
data. It should be noted that a 22-kDa protein band was
also visualized by the alkaline phosphatase-based reac-
tion. The reason for such a result remains to be ruled out.
However, it is possible that the protein may be derived
from the degradation of His6-tagged BLADNC.
Discussion
In this study, a truncated Bacillus sp. TS-23 amylase
lacking the N-terminal signal sequence and the last 98
amino acids was constructed and expressed in E. coli. It
is interesting that the secreted His6-tagged BLADNC was
fully active toward a range of polysaccharides. These
results indicate that the enzyme was correctly folded and
retained a tertiary structure, allowing a normal substrate
recognition and catalytic activity. To date, E. coli has
been extensively used for the production of secreted
amylases [1, 40, 42, 43]. From these facts, it should be
noted that the endogenous or host-based signal se-
quences are essential for enzyme secretion. The role of
signal peptides in the initiation of translocation process
has been well documented [16]. Most exoenzymes pos-
sess an N- or C-terminal propeptide to preclude correct
folding of the associated enzyme leading to inactive
polypeptides. The transformation of propeptide into a
conformation ready for secretion is sometimes accom-
plished by interaction of the mature component with an
accessory protein such as foldase and chaperone [8]. In
general, mutations and deletions within the signal pep-
tide sequence result in the intracellular accumulation of
precursor protein [21]. In our case, we found that the
signal sequence was not essential for the periplasmic
production of active BLA, indicating that the truncated
enzyme may contain an internal signal-anchor sequence
for protein translocation. Internal-anchor sequences have
been identified in a number of eukaryotic transport pro-
teins such as P-glycoprotein [28, 45] and UDP-glucu-
ronosyltransferase [33]. However, the role of the signal
Fig. 2. Analysis of His6-tagged BLADNC by SDS/PAGE (A) and
Western blotting (B). Lanes: 1, purified His6-tagged BLADNC; 2, total
proteins from supernatant fraction; 3, total proteins from periplasmic
fraction; 4, total proteins from cytoplasmic fraction. Arrow indicates
the position of His6-tagged BLADNC.
Table 2. Distribution of His6-tagged BLADNC in E. coli M15 (pQE-AMYDNC)
Induction (h) IPTG (mM)
Total activity (U)
Supernatant Periplasm Cytoplasm
3 0.0 1.0 (16) 3.4 (55) 1.8 (29)
0.1 12.6 (22) 29.0 (51) 15.6 (27)
0.5 21.4 (32) 30.1 (44) 16.4 (26)
1.0 18.0 (29) 30.8 (50) 12.4 (21)
6 0.0 3.7 (30) 5.9 (48) 2.7 (22)
0.1 26.6 (28) 48.8 (52) 19.6 (20)
0.5 28.8 (31) 46.4 (49) 18.8 (20)
1.0 27.9 (28) 53.2 (53) 19.2 (19)
20 0.0 4.2 (31) 6.3 (46) 3.1 (23)
0.1 25.6 (25) 56.1 (55) 19.7 (20)
0.5 27.6 (27) 52.8 (52) 20.4 (21)
1.0 20.4 (21) 62.4 (65) 13.1 (14)
Numbers in parentheses represent the percentage of total enzyme activity in the respective fractions.
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sequence in Bacillus sp. TS-23 a-amylase remains to be
elucidated. One possibility is that it may promote the
insertion of BLA into the membrane, as this situation has
been observed for the human b2-adreneric receptor [13].
It is evident that most membrane transport proteins are
oligomeric [18]. Therefore, cleavage of the signal se-
quence of Bacillus sp. TS-23 BLA may be required for
the molecule to associate with itself or with other mol-
ecules, although it has not been established whether
oligomerization is essential for protein secretion.
Polypeptides transported via the hemolysin-type se-
cretory pathway cross the cell envelope by a single-step
process without periplasmic intermediates [29]. Extracel-
lular protein secretion through this pathway has no N-
terminal signal sequence and shows sec-independent
translocation to the medium. However, they require the
assistance of accessory proteins, and secretion signals
essential for translocation are located in the C-terminal
part of these proteins. Bacterial exoenzymes possessing a
C-terminal propeptide have been reported in proteases
from Thermus aquaticus [19], Serratia marcescens [32],
and Neisseria Iga [17, 34], as well as an alkaline phos-
phatase of Lysobacter enzymogenes [3]. According to the
available data, the extracellular routing of these enzymes
should follow the above-mentioned secretion pathway.
Nevertheless, this secretion pathway has probably not
occurred in Bacillus sp. TS-23 BLA because the C-
terminal truncation did not abolish the external produc-
tion of the enzyme. It has been noted that the 70-kDa
precursor of Alteromonas haloplanctis a-amylase was
directly secreted into the supernatant of E. coli and
processed by a nonspecific protease into the mature en-
zyme [9]. Likely, Bacillus sp. TS-23 BLA may follow a
secretion pathway similar to that of A. haloplanctis
a-amylase when it is expressed in E. coli.
In conclusion, our results strongly suggest that the
truncated BLA folds correctly and independently to
function as an a-amylase without the N- and C-terminal
regions. To our knowledge, this is the first report con-
cerning the functional expression of an amylolytic en-
zyme with N- and C-terminal truncations in E. coli.
Previously, we found that deletion of the 50 N-terminal
amino acids (32 of the signal peptide and 18 of the
mature protein) of Bacillus sp. TS-23 BLA results in the
formation of inclusion bodies [26], however, in this
study, the deletion of the N-terminal 32 amino acids does
result in excretion. One possibility is that the first 18
amino acids of mature protein could play an important
role in the excretion of Bacillus sp. TS-23 His6-tagged
BLADNC. The topogenic role of these amino acids is
under investigation. The resultant information will con-
tribute to our understanding of the secretion of this
enzyme in E. coli.
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